SUMMARY A new technique for assessing implanted cardiac pacemaker function in the ambulant patient has been introduced and assessed. A modified portable electrocardiograph recorder is used to store 24 hours of electrocardiograms along with marker pulses indicating the timing of pacemaker impulses. The recorder detects this narrow impulse and records a wider marker pulse on a second channel.
The number of pacemaker implants continues to increase each year. In the United Kingdom over 4000 pacemakers were implanted during 1978, and in the USA this figure was 66 000.1 In spite of the large number of devices which are now in use, there is no easy means of assessing the functioning of these pacemakers except when a patient visits, for example, a hospital out-patient department or uses highly specialised telephone transmission equipment. These measures are, of necessity, confined to assessment over very short periods. Many pacemaker problems, such as battery depletion, can be detected when the patient attends a pacemaker clinic but those of a transient nature are not so easy to detect. To evaluate the performance of a pacemaker while the patient is carrying out his normal daily activity poses problems, but is essential in a patient with an apparently normally functioning pacemaker who continues to complain of symptoms possibly related to pacemaker malfunction.
Received for publication 2 June 1981 Some centres have used ambulatory electrocardiographic recording techniques to help identify such transient failures. The more traditional use of such techniques, however, has been in helping to select patients who require pacing2 3 by, for example, detecting periods of sinus arrest .6 Boal7 described a number of patients in whom pacemaker malfunction was discovered. Some problems were easily identified, but in one patient even an eight hour electrocardiographic tape recording failed to discover any malfunction. This patient was finally admitted to the coronary care unit, and not until the second day were his symptoms related to a pacemaker problem.
Morganroth and Michelson8 described one case of intermittent failure to sense discovered by the use of an ambulatory tape recorder.
Bleifer et al.4 made 10 hour electrocardiographic recordings in 48 patients with suspected intermittent pacemaker malfunction, and discovered actual malfunction in mne.
Ward et al.9 recorded the electrocardiograms of 20 pacemaker patients for up to five days and observed one patient with inappropriate pacing and eight patients with evidence of failure to capture.
In using traditional electrocardiographic taperecording techniques, care has to be taken to ensure that electrode sites are selected to give an electrocardiogram which is suitable for recording by producing a pacing pulse artefact which is visible on the electrocardiograph write-out. Because of its brief duration and fast rise-time the pacing pulse is not normally reproducible and requires a recorder with a high frequency response well above that normally available on electrocardiographic tape recorders.
Pulses which are frequently visible on direct paper records of electrocardiograms are reproduced because of the frequency response of the write-out used. Many electrocardiographs will record frequencies up to 400 Hz. Even in such cases the characteristics of the narrow pacing pulse will be greatly altered. Ambulatory electrocardiograph recorders will, at best, record up to 100 Hz, however, and more commonly only to 50 Hz. In addition to the recording problem the analysers used to detect and write out transient events often reduce the frequency content even further; an upper frequency response Channel 4: Elapsed time. The electrocardiograph amplifier (chl) and elapsed time generator (ch4) are standard Medilog modules. The electrocardiograph amplifier used for pacing pulse detection (ch3) is also standard except that an electrocardiographic signal of suitable gain has been brought out for routing through the Medilog recorder wiring to the pacing pulse module (ch2). This module is a completely new development.
The electrocardiogram recorded for rhythm analysis was obtained using our standard techniques. The chest was searched for electrode positions which resulted in an electrocardiogram with a QRS which was large, stable, and preferably monophasic and with The second channel of the electrocardiograph, which was subsequently fed to the pacing pulse detector, was obtained by placing one electrode as close to the pacemaker as possible and the other electrode close to the apex of the heart. It was not necessary to avoid any muscle masses with these electrodes as the presence of muscle artefact did not result in any false positive detection.
As well as two electrodes for each electrocardiograph channel a further electrode was used (commonly referred to as the "right leg" or RL electrode). This was necessary to reduce the effect of sudden transient electrical interference or static pick-up on the patient which could then be relayed to the pacemaker pulse detector. Without this electrode the false positive detection rate on the preliminary assessment was considerably higher.
In order to reduce artefact pick-up all electrodes were applied with care. The skin area to which the electrode had to stick was cleaned with isopropyl alcohol and allowed to dry. The 
ANALYSIS
During analysis it was necessary to identify and separately scrutinise problems arising from the pacemaker detector as well as from the pacemaker itself. A simplified representation of more common problems is illustrated in Fig. 2 . At the heart of the analysis system is a computer for fast storage of relevant electrocardiographic events detected during high speed replay of the tape recording.'6 The selected electrocardiograms are held on computer disc until they have been edited by the operator. Electrocardiograms are automatically plotted when a hard copy is required. The system was originally designed to store 10 s electrocardiograph samples containing each detected arrhythmia. This same system was triggered by the pacemaker marker pulse to enable all paced beats to be examined.
As the majority of patients recorded, however, had many thousands of paced complexes, an accessory analysis unit was developed to enable unexpected pacing conditions to be detected and hence stored and plotted for subsequent examination. This unit could detect the following conditions in which the expected period approximated to the pacing period:
(a) A pacing pulse earlier than expected in relation to the previous QRS. (b) Pacing pulse later than expected in relation to the previous QRS. (c) QRS later than expected in relation to the previous QRS. The unit takes account of the average delay between the pacing pulse and the QRS trigger point. In addition, an area of uncertainty 100 ms on either side of the expected time of a pacing pulse (a 200 ms blocking period) was built into the unit so that variable time differences between the pacing pulse and the trigger signal derived from the QRS of the surface electrocardiogram would not cause an excessive number of irrelevant electrocardiograms to be stored. Increasing the 200 ms blocking time would have reduced the number of electrocardiograms requiring editing but would also have increased the possibility of missing a (Fig. 3a) and the other when an early ventricular ectopic complex, interpolated between two paced complexes ( Fig. 3b) was not sensed. Case 11, whose pacemaker frequently failed to capture, was as a result unable to sense complexes falling within the pacemaker's refractory period.
FAILURE TO CAPTURE
Only one patient was shown at any time to show failure to capture (Fig. 4) . This patient was suspected of having such periods before the recording was made. The analysis showed that this was a common (a) These periods can be detected automatically and identified clearly using the pacemaker marker pulses.
ASSESSMENT OF PACEMAKER USE
All demand pacemakers were assessed for their frequency of use. This varied considerably. There were three typical patterns of use: infrequent, random, and almost continuous. Table 4 lists the minimum, average, and maximum number of pacing pulses delivered per hour for each pacemaker.
IDENTIFICATION OF PACED FUSION COMPLEXES
As the patients' normal heart rates slow below their pacemaker rates, the pacemakers will begin to capture the ventricles. During the time both rates are approximately equal, fusion complexes will occur. A typical example is shown in Fig. 7 . If pacing coincides with the P wave inappropriate pacing occurs. It is not easy in such circumstances, if the pacing pulse is not Spontaneous complexes can occur during fixed rate pacing. One of the two fixed rate pacemakers studied paced on the T wave of spontaneous depolarisations (Fig. 8) . It can be noted that in this case a distorted pacing pulse artefact can be seen on the electrocardiogram recorded over the pacemaker -the lower of the two electrocardiographic traces. The pacing pulse detector allows such spontaneous complexes to be clearly differentiated from paced complexes.
Discussion
The accuracy of pacemaker pulse detection has been shown to be excellent. False positives have been infrequent, and low enough to cause no concern during analysis in the great majority of recordings. The false positives mainly resulted from electrocardiographic baseline instability saturating the recording amplifier and occasionally producing very fast edges which were interpreted as pacing pulses. Only one recording showed any false negatives, and this was the result of the wrong electrode site being used. Although the pacemaker pulse recorder has been designed for use with pacemakers with unipolar electrodes this is hardly a disadvantage since the greatest proportion of pacemakers implanted are of the unipolar type. In the 1979 world survey on cardiac pacing' the United Kingdom was listed as using unipolar leads with 98% of pacemakers implanted.
The recorder and analysis system has been shown to be clinically useful in a number of ways: isolated and infrequent paced complexes can be identified easily, the frequency of pacemaker use can be quantified, periods of transient pacemaker malfunction can be detected, and the associated electrocardiographic rhythm strip, with its clearly indicated pacemaker pulses, can be studied.
Of the 13 patients with demand pacemakers studied only one was suspected of having possible pacemaker problems. It was confirmed that this patient's pacemaker was frequently failing to capture. The other 12 were selected at random to enable the equipment to be assessed. None of these patients showed failure to capture. In spite of the lack of selection six out of 13 patients and seven out of 14 recordings had one or more periods of inappropriate inhibition. These six patients had a total of 63 periods of inappropriate inhibition. Though no resulting asystole was greater than 2-0 s, and hence not of clinical significance, it indicates that inappropriate inhibition is perhaps more frequent than previously shown. In addition two patients had a total of three periods of failure to sense.
Even in this relatively small number of patients pacemaker assessment in the ambulant patient has been shown to be technically feasible and clinically useful. 
